I. INTRODUCTION
Functionality and selectivity of biologically active molecules are strongly influenced by their electronic properties, shape, conformation, charge distribution as well as their interactions with environment. In biology, genetic codes among very different species differ only in a small percentage, usually about 5%. There are twenty naturally existing amino acids which make up to vastly different proteins by often small local modifications. Intrinsic properties of biomolecules are often hidden within their environment, such as macroscopic solvent effects, interactions with other molecules and constraints imposed by macromolecular backbones etc. 1 As a result, it is important to understand intrinsic molecular properties of these biomolecular building blocks of life in the gas phase, before we could reveal details of fundamental biochemical characteristics and interactions resulting from biological environment.
Until recently, practical barriers which prevent studies of building blocks of life from details, have been partly overcome if not removed, due to recent development in both experimental capability, such as synchrotron sourced X-ray spectroscopy [2] [3] [4] [5] [6] , and theoretical models and supercomputing resources [7] [8] [9] [10] [11] . Thus gas phase information will be useful as it provides deeper insight into such intrinsic molecular properties 7 so that interactions and behaviour of larger molecules can be understood and predicted.
As a result, gas phase studies of small biomolecules and peptides have attracted a considerable research attention in recent years, since experimental evidences are able to verify and to stimulate development in theory. Therefore, one can achieve better understanding of short peptide chains and competition between secondary structures can be revealed with confidence.
All amino acids in the gas phase exhibit neutral structures with carboxyl acid (-COOH) and amino (-NH 2 ) terminal groups, rather than a zwitterionic structure as they are in solid state and/or in aqueous phase 1 . In our previous study, the role of methyl in L-alanine was revealed against glycine 10 . Chemically, L-alanine can be considered that three functional groups, methyl (-CH 3 ), carboxyl acid (-COOH) and amino (-NH 2 ), join at the -carbon (*C α ). If one of the hydrogen atoms of the methyl moiety in L-alanine is replaced by a phenyl, L-alanine chemically becomes Lphenylalanine (Phe), an aromatic amino acid which is one of the most abundant aromatic acids in proteins. 12 Aromatic amino acids exhibit hydrophobic characteristics which play a vital role in many of the biological processes in the living cells. 13 L-Phenylalanine has received great attention both theoretically and practically.
5, [14] [15] [16] [17] Recent data mining projects have shown that the amide-aromatic interactions of phenylalanine are highly essential in stabilization of protein residues over large configurational spaces. 18 It is also observed that the orientation of functional groups connected at the -carbon plays a vital role in overall structure of the molecule. A recent study recognised 16 that the most populated conformer of L-phenylalanine in gas phase is stabilized by hydrogen bond which is enhanced by the aromatic ring. In particular, a most recent synchrotron sourced soft X-ray photoemission (XPS) 5 experiment enables us to further explore information in the inner shell electronic structure of L-phenylalanine with confidence.
2-phenethylamine (PEA) [19] [20] [21] and 3-phenylpropionic acid (PPA) 22, 23 are not only derivatives of L-phenylalanine, but also important compounds themselves. 2-phenylethylamine (PEA) is a metabolite of the monoamine oxidase inhibitor (MAOI) antidepressant phenelzine. 3-Phenylpropionic acid (PPA) is an intermediate for the MAOI antipressant drug Indinavir 24 and it is also a key compound that reveals mechanism of β-oxidation for degradation of fatty acids 25 . Detailed studies of interactions of the functional networks through model molecules will certainly lead to a much improved understanding of the local environment and its influence on the structural and dynamical behaviour of proteins.
Core ionization potentials (IP) are a property known to be very sensitive to chemical environment 26 . A study of Auger processes of bromine substitute in DNA indicated 8 that a major part of the biological enhancement is caused by inner-shell photo-ionization. Binding energies of inner-shell electrons depend on charge distributions in a molecule, and the ability of neighbouring atoms to screen positive charge introduced through ionization.
8, 27
Recent state-of-the-art third generation synchrotron facilities are able to probe electronic structures in the inner-shells of biological molecules 2, 3, 5, 6, [28] [29] [30] and to relate inner shell structures with hydrogen bonds 26 . As a result, studies of inner-shell will be useful to investigate fragment correlation [7] [8] [9] 29 and to reveal chemical shift of backbone carbon chain C 1 -C  -C  in amino acids and/or peptides responses to substitutions on the α-carbon. In the present study, interactions of carboxyl acid, amino and phenyl in Phe are revealed through inner shell chemical shift and hydrogen bond affected by the functional groups in Phe and its derivatives PEA and PPA.
II. METHODS AND COMPUTATIONAL DETAILS
Geometrical parameters of the molecules in their ground electronic states, that is, L-phenylalanine (Phe), 3-phenylpropionic acid (PPA), 2-phenethylamine (PEA), together with L-alanine (Ala) and benzene were obtained using the density functional theory (DFT) B3LYP/TZVP model, which is implemented in the Gaussian 03 suite of computational chemistry programs. 31 The triple zeta valence polarized basis set of Godbout et al. 32 is employed, which not only produces good energy properties, but also generate good quality molecular orbitals as demonstrated in our previous studies 33 .
Corresponding stationary points to minimum or transition states have been checked by analytic calculations of harmonic vibrational frequencies at the same level of theory: absence of imaginary values for the minimum structures. No imaginary frequencies were obtained, indicating that the optimized structures are true minima.
Vertical core ionization energies of the molecules were calculated using the LB94/etpVQZ model 34, 35 , which is embedded in the Amsterdam Density Functional Theory (ADF) chemistry package 36 without further modification or scaling. Agreement between theory and experiment for benzene is excellent ---the discrepancy between the calculated and the measured is within 0.7 eV, which is the same scale to the experimental resolution of even synchrotron sourced spectroscopy. Phe, which are compared with most recently available synchrotron sourced x-ray photoemission spectroscopy (XPS) in gas phase 2, 5 . In the simulated C-K spectra, full width at half maximum (FWHM) of 0.4 eV were employed in order to reproduce the experiment spectra as much as possible. A binding energy red shift (to the lower energy side) of 1.10 eV and 0.67 eV, respectively, has been applied to the simulated Ala and Phe spectra. This scheme is similar to the previously simulated inner shell spectra of adenine 8 , in order to reduce certain systematic errors introduced in the model.
III RESULTS AD DISCUSSIONS

III.1 Canonical conformer structures in gas phase
As seen in this figure, the agreement (after energy shift) with the experiment is excellent, in particular, the relevant C-K peak positions of (C  ) < C  < C α < C 1 , for both Ala and Phe. The spectra exhibit competitive accuracy with more computational expensive models such as DFT in StoBe 2, 5 . It is noted that the largest IP discrepancy between the present work and measurement in both Ala and Phe is that of C 1 (=O). The discrepancy on C 1 may indicate that apart from effects such as selfenergy, core orbitals relaxation and relativistic effects, Ala and Phe possess flexible single bonds (side chain) which lead to a number of conformers that may be well populated in experiment and the present model focuses only on one conformer (i.e., As previously pointed out by Uejio et al 45 , a more realistic prediction of the IPs for flexible and conformer rich bio-molecules is not just considering the stable conformers with energy minima on the potential energy landscape applying the Boltzmann averaged spectrum of these dominant conformers, since merely analysing these conformers may not be adequate to accurately produce core-level spectra 45 .
Rather, the application of molecular dynamic (MD) simulations, which is our next target, has the advantage of not merely sampling the lowest energy conformers, but also phase space the molecule would have to occupy as it changes conformers.
III. 3 Chemical shift and inner shell spectra of the model molecules
Chemical shift is very sensitive to local chemical environment of an atom and could serve as an indicator for the strength of a hydrogen bond 26 . Table 3 reports As observed previously, amino acid side chain reduces the high symmetry of benzene so that the phenyl C-K IPs split in Phe, which is also seen in PPA when the amino group, NH 2 , of the side chain is replaced by an H atom. However, the phenyl C-K IPs in PEA where the carboxyl acid group is removed, exhibit accident 1, 2 and 3 folds degeneracy in the phenyl C-K IPs (last column of Table 3 ). It is noted an apparent energy drop at C α and C  sites is observed, to respond to the removal of functional groups in the amino acid chain. For example, there is an energy drop of approximately 1 eV at the C α sites in PPA and PEA with respect to Phe. However, removal of the functional groups in the amino acid fragment of Phe, results in energy shift at C β site in opposite directions: removal of -NH 2 causes a small energy drop of 0.08 eV in PPA, whereas removal of -COOH causes a energy rise of 0.49 eV in PEA.
The latter leads to the C β position below the energy of C  of a phenyl site in PEA. . That is, the symmetric phenyl spectral peak in benzene is asymmetric in Phe, PPA and PEA, due to the closely located side chain C  peak. The C-K peak positions shift to accommodate the side chain alternation in the model molecules but the energy order of the carbon peaks remains unchanged as: C γ (phenyl carbon), C  < C α < C 1 . The spectral patterns of Phe and PPA are similar to that of L-Ala, except for lack of the phenyl band around 289.8 eV in Ala. However, the chemical environment of C  -C α -C 1 in Phe exhibits subtle differences to those in Ala. For example, the C α and C  peaks exhibit blue shift (larger energy) but the C 1 peak shifts to lower energy side. Chemical shift  (C α -C 1 ) in Phe of 1.5 eV is smaller than that of 2.2 eV in Ala, reflecting apparent effects on the C  -C α -C 1 side chain.
C-K spectra of the model molecules in Figure 4 reveal the relationship of the amino acid side chain and phenyl ring. The former leads to small phenyl C-K energy splitting. The phenyl ring acts like a buffer to resist changes caused by the functional groups in PPA and PEA. Chemical environment of the C α sites in PPA and PEA is closer to each other, since this carbon in PPA and PEA is not a chiral carbon.
Hirshfeld charges of the molecules which are listed in Table 4 also reflect such trends. As seen in other bio-molecules such as adenine 8 and guanine 41 , all N and O sites of the compounds possess negative charges. However, unlike adenine and guanine, the charge of the C sites can be both positive as well as negative, which depends on the role of the carbon in the molecules. In amino acid pair, Ala and Phe, C  site is the only carbon site which exhibit negative Hirshfeld charges. If either -COOH or -NH 2 group is removed, the C  carbons in PPA and PEA are no longer chiral carbons and become negatively charged to balance the positive charges.
However, the role of phenyl carbons is different in benzene and in Phe, PPA and PEA. In benzene, all carbons are negatively charged to balance the positively charged hydrogen sites; whereas in Phe, PPA and PEA, the phenyl carbons are positively charged so that to balance the negative charges on the -COOH and -NH 2 groups.
An orbital based inner shell energy diagram of the molecules is given in 
III.4 Near-atom interactions and H-bond
Apart from energy and charge, near-atom interactions due to conformational variations in 3D structures of the molecules are important, as the HA distances vary hereby creating certain H-bonds or eliminating other H-bonds. A number of studies 16, 46, 47 on Phe suggested that H-bonds are responsible for the interactions in the side chain 16, 46, 47 as well as interactions between the side chain and the phenyl ring 45, 46 .
For example, Lee et al. 47 suggested that in the three lowest energy conformers of Phe, 
IV Conclusions
Interactions and impact between amino acid network and phenyl in L- 
